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We experimentally investigate the collective decay of a single Rydberg superatom, formed by an ensemble
of thousands of individual atoms supporting only a single excitation due to the Rydberg blockade. Instead of
observing a constant decay rate determined by the collective coupling strength to the driving field, we show that
the enhanced emission of the single stored photon into the forward direction of the coupled optical mode depends
on the dynamics of the superatom before the decay. We find that the observed decay rates are reproduced by
an expanded model of the superatom which includes coherent coupling between the collective bright state and
subradiant states.
The collective interaction between an ensemble of emitters
and photons is a fundamental topic of quantum optics, which
has been extensively studied for over 50 years [1]. Collective
enhancement of the emission, known as superradiance, has
been observed in a variety of physical systems ranging from
atoms [2] and ions [3] over molecules [4], artificial atoms
coupled to microwave waveguides [5], and solid-state systems
[6, 7], to ensembles of nuclei [8]. Suppression of emission
is more elusive because excitation fields typically do not cou-
ple to subradiant states, and was only recently observed for
ensembles of more than two emitters [9, 10]. Here, we in-
vestigate the collective emission of a single photon from a
Rydberg superatom [11] and show that the experimentally ob-
served decay rate depends on the initial state-preparation by a
few-photon driving field [12]. We attribute this effect to a co-
herent population redistribution between collective super- and
subradiant states due to coherent excitation exchange between
the individual emitters inside the superatom [13, 14].
A collectively excited ensemble features modifications to
the rate and spatial distribution of its spontaneous emission
[15–18], and coherent exchange of photons between individ-
ual emitters in an ensemble results in a collective Lamb shift
[8, 19–24]. These phenomena can be understood in a semi-
classical approach as dipole-dipole interaction between indi-
vidual emitters [13, 25–30], or quantum-mechanically by treat-
ing the emitters as an interacting spin ensemble coupled to an
optical mode [14, 31–33]. The latter approach has been used
to study the propagation of quantized light in one-dimensional
waveguides, while the semi-classical approach enables inves-
tigation of large, weakly driven ensembles in two or three
dimensions. In the single-excitation sector and as long as sat-
uration of the medium can be neglected, the two approaches
lead to equivalent results [34, 35]. There has recently been
strong interest in structured emitter arrays for tailoring opti-
cal properties with unprecedented control [27, 28, 36, 37], for
example exploiting subradiance to enhance photon storage fi-
delities [38, 39]. Striking experimental demonstrations of this
concept are realisations of highly reflective monolayers with
ultracold atoms in optical lattices [40] and solid state systems
[41, 42].
Figure 1. (a) Sketch of the experimental implementation and (b)
single-atom level scheme to create a single Rydberg superatom. (c)
Probe pulses of different durationmeasured on single-photon counters
(SPCMs) with (solid circles) and without atoms (dashed lines). The
solid lines show the solution to the master equation for the model
system shown in Fig. 2. The shaded areas indicate the parts of the
pulses our analysis focuses on. (d) Logarithmic plot of the difference
between the signal with and without atoms detected after the driving
pulse has ended for different pulse lengths. The time t = 0 where
the probe field is turned off, is extracted from fits to the probe pulse
measured without atoms. The dashed lines are fits to the data points
as described in the text. The grey area shows the level below which
the data are excluded from the fits. The error-bars are standard error
of the mean.
In this letter, we study collective directed single photon
emission from an ultracold atomic ensemble which due to the
Rydberg blockade effect [43] can only contain a singleRydberg
excitation at any given time and is thus fully saturated by the
absorption of a single photon [11, 44]. In this limit, the block-
aded ensemble reduces to an effective two-level superatom
with collectively enhanced coupling to the driving field [45]
and enhanced spontaneous decay into the forward direction of
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2the driving mode. In contrast to the previous experimental
study of the superatom driven by a few-photon probe [12], we
now study with very high accuracy the emitted light in the
forward direction after the probe pulse. We experimentally
observe that the rate of this collective emission depends on
the duration and strength of the initial driving pulse, instead
of being solely determined by the number of atoms N forming
the superatom. We attribute this effect to the redistribution
of population between super- and subradiant collective states
mediated by coherent photon exchange inside the superatom.
To support this interpretation, we compare our data to an effec-
tive model that captures both the coherent internal dynamics
as well as the overall dephasing of the collective excitation
and find that this simple model captures the observed decay
dynamics very well.
To create a single Rydberg superatom in our experiment,
we prepare an optically trapped ensemble of 2 × 104 87Rb
atoms with dimensions of 6.5 µm along and 21 µm × 10 µm
perpendicular to the probe direction (1/e-radii of the Gaus-
sian atomic density distribution), which is situated at the foci
of counterpropagating probe (1/e2-waist radius 6.5 µm) and
strong control fields (14 µm) creating an excitation volume that
is fully blockaded by a single Rydberg excitation, as shown
in Fig. 1 (a). The probe and control fields, with variable
probe photon rate Rp and Rabi frequency Ωc = 2pi × 13MHz
respectively, drive Raman transitions between the ground
state |g〉 = |5S1/2, F = 2,mF = 2〉 and the Rydberg state
|r〉 = |111S1/2, J = 1/2,mJ = 1/2〉 via an intermediate state
|e〉 = |5P3/2, F = 3,mF = 3〉, see Fig. 1 (b). For large
intermediate-state detuning ∆, |e〉 can be adiabatically elimi-
nated. Atoms in |g〉 are thus individually coupled to |r〉with an
effective Rabi frequency Ω =
√Rpg0Ωc/(2∆) and Raman de-
cay Γ = Γe(Ωc/2∆)2 between |r〉 and |g〉. Here g0 is the single-
photon-single-atom coupling strength, and Γe = 2pi×6MHz is
the natural linewidth of |e〉. The transmission and re-emission
of probe photons in the forward direction is detected using sin-
gle photon countingmodules (SPCMs) arranged in a Hanbury-
Brown Twiss setup located behind a single mode fiber aligned
onto the incoming probe mode.
The Rydberg blockade limits the ensemble to a single exci-
tation and gives rise to its collective superatom nature with a
collective ground state |G〉 = |g1, · · · , gN 〉 and a singly excited
collective bright state |W〉 = 1√
N
∑N
j=1
g1, · · · , rj, · · · gN 〉,
where N ∼ 5000 is the number of atoms overlapping with
the probe beam; see [12] for a more microscopic descrip-
tion of the bright state accounting for the atomic distribution
and mode wave function. These collective states are cou-
pled by the enhanced Rabi frequency Ωcol = 2
√
κRp with
collective single photon coupling
√
κ =
√
Ng0Ωc/(4∆). This
enhancement allows us to drive Rabi oscillations of the su-
peratom between |G〉 and |W〉 with few-photon probe pulses
[12]. The single-photon absorption and re-emission into the
forward direction can be directly observed in the transmission
of the Tukey-shaped probe pulses shown in Fig. 1 (c), where
Rp = 15.0 µs−1 and ∆ = 2pi × 100MHz.
In the following, we investigate the collective decay dynam-
ics after extinction of the probe pulse. Towards this end, we
vary the duration of the Tukey-shaped probe pulse and record
the forward-emitted light after extinguishing the probe light
on a time scale shorter than the enhanced spontaneous decay
rate κ of the collective state, while the control field remains on.
To confirm that the superatom at maximum emits one photon
back into the probe mode, we analyse the photons statistics
of the forward-emitted light after the driving pulse stops and
obtain for the background-corrected second-order correlation
function g(2)(τ = 0) < 0.1 during the spontaneous decay of
the superatom, consistent with single photon emission. We
further confirm the presence of only a single excitation from
the ion-counting statistics if the ensemble is field-ionized at the
end of the probe pulse [44]. In addition to collective emission,
the superatom is also subject to non-radiative dephasing γD of
the collectively enhanced state which results in non-retrievable
storage of a single photon in the ensemble [44].
Fig. 1 (d) shows the probe light detected after extinction
of the probe field for the four different pulse lengths shown
in Fig. 1 (c) (following subtraction of residual background
light). As expected, we observe an exponential decay, with the
initial amplitude determined by the bright state population.
Additionally, though, we find that the rate of photon emission
changes depending on the probe pulse duration and thus the
internal state of the ensemble after the driving pulse. If the su-
peratom’s internal collective dynamics were fully incoherent,
the decay rate would be constant and given by the sum of sin-
gle photon coupling κ and the rates for excited state population
loss through Raman decay, Γ, and dephasing, γD.
To systematically study the non-constant decay rate of the
superatom, we repeat the above-described experiment with
varying probe pulse length for a range of different parameter
sets, varying the single-photon coupling strength κ (Fig. 2)
and the probe photon rate Rp during the pulse (Fig. 3). To
quantify the photon decay rate, we assume initially that the
decay is exponential and fit the recorded photon rates with
I0e−γt to extract the initial intensity I0 (in photons/µs) and
the decay rate of forward emission γ. Because of the single-
photon nature of the collective emission, we have to repeat the
experiment for each parameter set sufficiently often to obtain
mean photon traces as shown in Fig. 1 (d). For all fits, we
exclude data points below a threshold where the uncertainties
become similar to the absolute values [46], indicated by the
shaded region in Fig. 1.
First, we show in Fig. 2 the obtained amplitudes and rates
as function of pulse length for three different values of the
intermediate state detuning∆ = 2pi×100MHz (a, c), 125MHz
(b, e), and 150MHz (c, f) and a fixed probe photon rate during
the pulse of Rp = 15.0 µs−1. By changing ∆, we vary both
the coupling strength κ between |G〉 and |W〉, as well as the
Raman decay rate Γ. The initial amplitudes in Fig. 2 (d, e, f)
reflect the collective Rabi oscillation of the superatom during
the probe pulse. Specifically, the oscillation becomes slower
for increasing ∆ since Ω ∝ 1/∆. The initial amplitude of the
forward emission also reduces over time due to spontaneous
3Figure 2. (a,b,c) Observed decay rates and (d,e,f) initial amplitudes as a function of pulse length extracted from exponential fits to data as
shown in Fig. 1 (c,d) for different values of the single-photon coupling strength κ. In addition to experimental data (dark circles), we show the
theoretical results of the extented superatom model discussed in the text and shown in Fig. 4 (light diamonds), as well as the constant decay rate
of the simple superatom model without internal coherent dynamics (dashed lines). The errorbars shown on the rates are one standard deviation
confidence interval of the exponential fits to the data.
Raman decay and dephasing of the collective state. More
surprisingly, we find that for all data sets the decay rates in
Fig. 2 (a, b, c) not only depend on the probe pulse lengths,
but oscillate out-of-phase with the amplitude oscillations. The
overall magnitude of the rates also reduces with higher ∆ as
expected due to the accompanying reduction in κ and Γ. For
longer pulse lengths, the decay rate approaches a constant value
as the superatom reaches an equilibrium steady state because
of dephasing.
Besides∆, we also investigate in Fig. 3 the effect of changing
Figure 3. Results of fits as shown in Fig. 1 (d) for two different
photon rates with ∆ = 2pi × 100MHz. Panels (a,b) show the decay
rates of the linear fits to experimental data (dark points) and to the
model with the modified parameters as discussed in the text (light
diamonds) for Rp = 15.0 µs−1 and 6.7 µs−1. The dashed lines are
the results of a two-plus-one-level model as shown in Fig. 4 (a).
Panels (c,d) show the corresponding initial amplitudes of the fits to
experimental data and theory. The data in (a) and (c) are the same as
in Fig. 2 (a) and (d).
Ω by reducing the input probe photon rate Rp with ∆ = 2pi ×
100MHz fixed, such that κ and Γ are constant. As Rp is
reduced from 15.0 µs−1, Fig. 3 (a, c), to 6.7 µs−1, Fig. 3 (b,
d), the oscillations in decay rate and initial amplitude become
correspondingly slower, but the range of decay rates remains
the same. For Rp = 6.7 µs−1, Ω is comparable to the case
∆ = 2pi × 125MHz and Rp = 15.0 µs−1 in Fig. 2 (b, e) such
that the oscillation periods for both values match, while the
decay rate values increase as expected for stronger coupling.
The core conclusion from our observations is that the collec-
tive forward emission of the superatom depends on its internal
dynamics and the single-excitation state of the ensemble at the
end of the driving pulse, which in general is expected to be
a superposition of the bright state |W〉 and subradiant states.
Especially, we find a remarkable correlation between the decay
rate and the initial intensity which translates to the probability
of being in the bright state. The oscillatory behavior of the
observed decay rates indicates that these internal dynamics
are based on a coherent process. On a theoretical level, such a
coherent term is well understood from a microscopic analysis
[19] as the interaction between light and matter not only gives
rise to the collective and directed emission, but also to a coher-
ent interaction between the emitters. While in many situations
this term can be neglected, it has recently been attracted an
increased interest [31–33]. Especially, it was demonstrated
within a semi-classical approach that this coherent term leads
to a non-exponential behavior of the emitted photons [13], as
well as a remarkable universal dynamics for a one-dimensional
waveguide [14] using the full quantum dynamics.
In the following, we demonstrate that an effective four-level
model, shown in Fig. 4 (a), which incorporates the dynam-
ics of the superatom during the driving pulse, the non-trivial
collective decay, as well as the intrinsic coherent coupling be-
tween the emitters and the dephasing, is capable to capture the
experimentally observed phenomena. The core of the model
is a coupling between the collective ground state |G〉 and the
4singly excited collective bright state |W〉 with Ωcol. The co-
herent coupling of the bright state to N −1 other singly excited
subradiant eigenstates due to photon exchange as well as the
dephasing of all excited states due to external decoherence are
simplified in our model by introducing only two additional
states. We model the exchange interactions between all ex-
cited states by including a coherent coupling with strength <
between |W〉 and an additional state denoted as |C〉. In the
supplement, we demonstrate that for a chiral waveguide, this
approximation is capable to capture with high precision the
full dynamics of N atoms [46]. Furthermore, we describe the
dephasing of both the bright state |W〉 and the state |C〉 by a
non-radiative decay into a dark state |D〉 with rate γD. This
treatment of the dephasing of the collective excited states is
justified for the large number of emitters N in our superatom
[46, 47]. Finally, we include the Raman decay of all excited
states to the ground state with rate Γ. Then, the effective model
is described by a Lindblad master equation for the superatom
density matrix ρ is given by
∂t ρ(t) = − i
~
[H0(t), ρ(t)] + (κ + Γ)D[σGW]ρ(t)
+ γDD[σDW]ρ(t) + ΓD[σGD]ρ(t) (1)
+ γDD[σDC]ρ(t) + ΓD[σGC]ρ(t)
where D[σ] = σρσ† − (σ†σρ + ρσ†σ)/2 is the Lindblad
dissipator. The coherent coupling is described by the Hamil-
tonian
H0(t) = 2~
√
κRp σ†GW + ~<σ†CW + h.c., (2)
where σµν = |µ〉 〈ν |. Note, that this four level model is a
natural extension of the previous theoretical study [12], and
becomes necessary as we study the emitted light with much
higher accuracy.
The master equation in Eq. (1) can be solved numerically
and directly compared to the experimental data. Importantly,
this simple model describes the superatom Rabi oscillations
while the system is driven, while also predicting the time
varying collective decay after the driving pulse. Specifically,
the predicted decay rate after the probe pulse for the pulse
lengths and parameters for the data in Fig. 1 are shown in
Fig. 4 (b). We find that over the full decay time, the forward
emission becomes clearly non-exponential and instead features
a drop and revival, which is strongest for the shorter pulses; in
agreement with recent predictions in [13]. This results from
coherent excitation shelving into |C〉 where the excitation is
protected from forward emission until it is transferred back into
|W〉. For longer pulses, the feature becomes less prominent as
the dynamics are dominated by dephasing, which also prevents
the occurrence of a second emission drop. As indicated by
the gray-shaded area, the predicted dip in emission occurs at
photon rates two orders of magnitude below the noise level in
the experiment. Thus, we focus in Fig. 4 (c) on the predicted
emission in the experimentally observable early part of the
decay. Here, the model already predicts a slight deviation
from purely exponential decay, but comparing to the data in
Figure 4. (a) Level scheme for our effective model including internal
coherent dynamics of the superatom. The probe field couples the
collective ground state |G〉 to the collective bright state |W〉 with an
effective coupling strength 2
√
κRp. The bright state |W〉 irreversibly
decays with rate γD into a dark state |D〉, which does no not couple to
the light. In addition, |W〉 coherently couples to a single subradiant
state |C〉. This new subradiant state also irreversibly decays to |D〉.
All excited states decay via Raman decay Γ to the ground state.
(b) Collective emission into the forward direction after the driving
pulse has ended as predicted by this model for different pulse length
calculated for the same parameters as found for the data shown in Fig.
1 (c, d). The shaded area shows the cut-off region of Fig. 1 (d). (c)
Zoom of (b) to the experimentally accessible region shown in Fig. 1
(d). The dashed lines show exponential fits as described in the text.
Fig. 1 (d), this tendency in the slope of the emission is not
visible with our current experimental resolution. To enable
comparison between the model and experiment, we extract a
decay rate and initial intensity from the numerical solutions
in the same way as for the experimental data. The results are
shown by the dashed lines in Fig. 4 (c).
With this approach, we obtain the model predictions for
initial slope and intensity of the superatom decay shown in
Figs. 2 and 3. In our optimization procedure, we assume
that γD is the same in all datasets and that κ scales with the
single-photon detuning as κ ∝ 1/∆2. The Raman decay rate
Γ is determined from experimental parameters. The obtained
fitting parameters for κ, < and γD are given in [46]. We find
that our simple model captures the oscillatory behaviour of
the decay rate as a function of pulse length quite well for
all datasets. Furthermore, the values found for the coherent
coupling < are of the same order as the collective coupling κ,
as expected from the comparison of our model to microscopic
simulations of an idealized one-dimensional system [46].
We also show the constant decay rates predicted by the
model if we disable the coherent coupling by forcing < = 0
(dashed lines in Fig. 2), to show that the coherent coupling
is the crucial factor to explain the experimental observations.
In previous work, we successfully described single-photon
5absorption [44, 47] and photon correlations mediated by the
superatom [12, 48] without the coherent coupling. These ob-
servations are still captured by the 4-level model presented
here. However, the influence of the coherent population shelv-
ing only becomes visible in the precise study of the decay
dynamics after the driving pulse.
In summary, we observed non-trivial collective emission dy-
namics of a Rydberg superatom, which we attribute to coher-
ent exchange interactions between individual atoms. We show
that a simple effectivemodel including a single coherently cou-
pled subradiant state reproduces the experimental observations
quite well. Ourwork is complementary to recent investigations
ofweakly excited ensembles [13, 18, 24] and structured emitter
arrays [40–42], but adds a new component through the satura-
tion of the ensemble by a single photon because of the Rydberg
blockade, which imposes further challenges for a full theoreti-
cal treatment. While our model is motivated by comparison to
simulations of an idealized waveguide system and captures the
core aspects of the system, a full understanding of the coherent
and incoherent dynamics in a thermal atomic ensemble will
ultimately require a full microscopic model. Our observations
are of immediate consequence for the study and application
of Rydberg superatoms and other collective quantum emitters,
for example in cascaded emitter systems in waveguide-like
geometries, where the internal dynamics will significantly al-
ter the behaviour of the full ensemble [14]. More generally,
these dynamics become relevant whenever collective excita-
tions are created or probed on timescales comparable to the
coherent photon exchange rates, e.g. in quantum simulation
or photon memories. On one hand, it will be relevant to study
to what extend such internal interaction dynamics impose a
fundamental limit on applications of collective excitations for
single photon sources and quantum gates. At the same time, a
better understanding of these dynamics enable precise collec-
tive state engineering, for example to efficiently store photons
in sub-radiant collective states [49].
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7Supplementary Information:
Observation of collective decay dynamics of a single Rydberg superatom
EXPERIMENTAL DETAILS
Below, we give experimental details in addition to the main text, summarizing the ensemble preparation and the experimental
sequence that we employ subsequently.
Ensemble preparation
We start from a cigar shaped ensemble of 87Rb atoms in a crossed optical dipole (wavelength 1070 nm, 1/e2-waist ≈ 55 µm,
intersection angle 30◦) loaded from a magneto-optical trap (MOT). Following a final compression of the MOT, the atoms are
evaporatively cooled as we reduce the trap light intensity in two stages. For additional cooling and to reduce atom loss, we
employ Raman sideband cooling for 16ms during each of the linear evaporation ramps. Longitudinal confinement along the
probe axis below the range of Rydberg blockade is provided by a tightly focused optical trap with an elliptical cross-section
(wavelength 805 nm, 1/e2-waists ≈ 10 µm and ≈ 21 µm) that intersects perpendicularly with the cigar-shaped ensemble as well
as the probe and control beams at their focus. In the dimple trap, the atomic temperature is ≈ 10 µK. The dimple trap intensity is
kept constant throughout the evaporation process and the dimple position can be fined tuned with respect to the probe using an
acousto-optical deflector. Before starting experiments, the crossed dipole trap intensity is ramped to zero such that atoms outside
the dimple are released and move outside the experimental region before increasing it again to provide confinement in the radial
probe direction for the atoms inside the dimple. In combination with the 1/e2-waist radius of the probe (≈ 6.5 µm), the dimple
confinement restricts the excitation volume below the blockade range. The focus of the control beam is larger (≈ 14 µm) to limit
variation of Ωc across the excitation volume.
Superatom excitation and probe photon detection
Following preparation of the atomic ensembles in the dimple, we employ the experimental sequence shown in Fig S.1. The
crossed dipole trap is turned off every 100 µs for 14 µs. The dimple potential remains present throughout the experiment to
restrict motion along the axial probe direction. We account for the resulting AC-Stark shift by adjusting the the probe frequency
accordingly. The shift also suppresses Rydberg excitation of atoms outside the dimple following release from the crossed-dipole
trap.
The control field is turned on as the dipole trap is turned off, and after a 2 µs wait time the gates of the SPCMs are opened and
probing takes place. In the experiments described here, we keep the probe pulse end-time fixed and vary the start-time.
Following conclusion of a single experimental shot, an electric field pulse ionizes any remaining Rydberg atoms to avoid
the presence of residual Rydberg excitations during the next iteration of the superatom excitation. The ions are detected on a
multi-channel plate. Overall, we conduct 1000 individual experimental cycles. Afterwards the atoms are leased from the trapping
potentials by turning the optical dipole trap and the dimple trap off for 10ms. The traps are then turned back on and 1000 probing
cycles without atoms present are performed to acquire reference pulses of the probe. Subsequently, we prepare a new atomic
ensemble repeating the procedure above.
The light emitted by the superatom is detected using four single photon counting modules (SPCMs) in a Hanbury-Brown Twiss
configuration located behind a single-mode optical fibre, which is aligned onto the original probe mode and acts as a spatial mode
filter. The overall detection efficiency including the SPCM quantum efficiency and all optical loss between the experimental
region and the SPCMs is ≈ 35%.
For each of the four datasets presented in the main text, we take data for 26 different pulse lengths. For the dataset with
∆ = 2pi×100MHz,Rp = 15.0 photons/µs, we take 1111×103 measurements for each pulse length. For ∆ = 2pi×125MHz,Rp =
15.0 photons/µs, we take 621 × 103 measurements, and for ∆ = 2pi × 150MHz,Rp = 15.0 photons/µs we take 467 × 103
measurements. For ∆ = 2pi × 100MHz,Rp = 6.7 photons/µs, we take 377 × 103 measurements.
In the main text, we discuss a threshold on the values included in the fits shown in the main paper in Fig. 1 (d). The threshold
is the point where the statistical uncertainty on the datapoints become similar to their values. The threshold is in this case defined
as the value where less than 50 counts has been detected in one time-bin of 20 ns in all the measurements.
8Figure S.1. Sketch of experimental procedure. The crossed optical dipole trap is turned off for 14 µs. As the dipole trap turns off, the Rydberg
control laser is turned on. We employ a 2 µs wait time before the gates of the single photon counter modules are opened to ensure that the
control light is fully on. Probing is done during the 12 µs where the single photon counter gates are open. We keep the end-time of the probe
pulse fixed and vary the point in time when the probe pulse is turned on. The dipole trap is turned back on as of the gates are turned off,
and a subsequent field ionization pulse is applied to remove any remaining Rydberg excitation in the system. Produced ions are detected by a
multi-channel plate.
SUPERATOMMODELWITH INTERNAL COHERENT DYNAMICS
In the main text we introduce an effective model with four effective states, see Fig. 4, which attempts to capture both coherent
and incoherent internal dynamics of the superatom in the simplest possible way. The main feature of this model is a coherent
coupling between a collectively excited bright state and a single collectively excited subradiant state to represent the coherent
dynamics inside the superatom, while a second effectively dark state represents weakly coupled collective states into which the
system can dephase. We show in the following, how this effective model is motivated by the microscopic dynamics of a system
of N emitters coupled to a single-mode light field.
Generally, only one excited atomic state |W〉 is coupled to the specific mode of the light field and emits collectively back
into the same mode. However, |W〉 couples coherently to N − 1 subradiant states |Ci〉 via exchange of virtual photons inside
the excited ensemble. The strength of this coherent coupling is different between the different eigenmodes of the system, and
depends on the individual atom positions. To study the effect of the coherent exchange, we consider a system of N quantum
emitters coupled to a one-dimensional chiral waveguide. The chiral one-dimensional waveguide has many similarities to the
Rydberg superatom [14] and can be solved analytically in the case of stationary emitters.
In the one-dimensional, chiral waveguide the atoms are coherently coupled to each other by the one-dimenisonal dipole-dipole
interaction
Hexc =
i~κ
2N
∑
l, j
sign(k0(xl − xj))σl, j, (3)
which describes the exchange of a virtual photon from atom j to atom l, mediated by the operator σl, j . As stated above, the
bright state |W〉 = ∑ | j〉/√N , where | j〉 indicates that the j’th atom is in the Rydberg state, is distinct from all other excited
states, in that it is the only state coupled to the light field. Therefore, it is practical to re-express the exchange Hamiltonian in
a basis containing the bright state and orthogonal subradiant states. After diagonalization of the subradiant state subspace, the
exchange Hamiltonian in this basis becomes
Hexc = ~
N−1∑
j=1
(
κj σW,C j + H.c.
)
+ ~
N−1∑
j=1
j σC j,GσG,C j , (4)
where κj = κ[i + cot(pi j/N)]/2N and j = −κ cot(pi j/N)/(2N) are coupling strengths between atomic states. |Cj〉 is one of the
N − 1 subradiant states. In this basis we directly see that there are subradiant states with weak coupling to the bright state of
order O(1/N). Another contribution to the dynamics is the driving of the atomic system with incident light with amplitude α(t),
which couples the ground state to the bright state
Hdrive = ~
√
κα(t)(σW,G + σG,W) . (5)
Here, κ is the bright state enhanced coupling to the driving light field. The excited system will eventually decay. However, only
the bright state will decay back into the waveguide. Coming from the full microscopic theory, this decay rate is given by κ.
Altogether, the dynamic of the chiral waveguide model is described by the master equation
∂t ρ = − i
~
[Hexc + Hdrive, ρ] + κDσG,W [ρ]. (6)
9Figure S.2. (a) and (b) Emission of light from N = 1000 atoms coupled to a one-dimensional waveguide for four pulse lengths and with (a)
κ = 0.45 /µs and (b) κ = 1.0 /µs. Solid lines are results from the waveguide, dashed lines are fits with the four-level model to the waveguide
results, and dotted lines show where the driving field ends. Γ = 0.1 /µs. Comparing to experimental data, the value of κ in (a) is the same as
we find in the experiment, whereas (b) shows a higher κ but < similar to what is found in experiment. (c) By fitting the four-level model to the
chiral waveguide data for different values of κ it is possible to extract a scaling of <with κ.
We can further account for spontaneous decay of single atoms in other directions than the waveguide with a constant rate Γ.
In the bright state-subradiant state basis this adds a decay term ΓDσG,Ci/W [ρ] for each subradiant state and the bright state.
Solving the master equation of the chiral waveguide model (6), we can calculate the light emission from N = 1000 emitters
for varying pulse lengths and for different κ, with examples shown by the solid lines in Fig. S.2 (a) and (b). We find that these
calculations indeed show varying forward-directed decay of the ensemble as observed in the experiment.
Next, we can test how well our simplified effective model with only a single coherently coupled state reproduces these results.
Towards this end, we fit the numerical calculations with our effective model in the same way as we fit the experimental data,
with Γ fixed to the calculated Raman lifetime to obtain the model parameters κ and <. The best fits of the effective model are
shown as dashed lines in Fig. S.2 (a) and (b). We find that reducing the N − 1 collective subradiant states to a single coherently
coupled level works extremely well for the chiral waveguide case. We can understand this from the above observation that only
a few subradiant states have sufficiently strong coupling to the bright state to contribute significantly to the coherent part of
the dynamics on the timescale of the collective decay. Moreover, from analyzing simulations with different collective coupling
strength to the waveguide, we find a linear scaling between κ and < for the best fits of our model, as shown in Fig. S.2 (c).
The considered system of stationary emitters in the chiral one-dimensional waveguide theory contains no sources of dephasing
or decoherence except the single-atom spontaneous decay. In the experiment, multiple sources contribute to finite decoherence
on the relevant time scale. First, we assume thermal motion to play a crucial role. For our ensemble temperature T = 10(1) µK,
we estimate that the atoms have a most likely velocity of v ≈ 0.035λ/µs, where λ = 2pi
(
1
kp
− 1kc
)
is the spin wavelength imprinted
by the light into the ensemble. kp and kc are the wave vectors of the probe and the control fields respectively. The sign difference
arises because the two fields are counter-propagating. This means that during one measurement, the atoms move about half of a
spin-wavelength. Adding thermal motion to our one-dimensional model in the form of Boltzmann distributed velocity for each
atom does not alter the dynamics significantly. This is specific for the chiral waveguide, since here the time-dependent phase
each atom picks up due to its velocity can be transformed into a detuning, effectively doubling the Doppler shift. This is not
possible in a non-chiral or three-dimensional system. With this in mind, thermal motion may be added by an effective dephasing
model, mixing the excited states with each other. Other sources of dephasing in the experiment can originate from finite laser
linewidth or fluctuating electric fields in the experiment chamber.
We thus need to include additional dephasing in our effective model and the chiral waveguide model to reproduce the
experimental results. Dephasing effectively shifts population from the bright state and the few strongly coupled subradiant states
into the many weakly coupled subradiant states. For large atom number N , this can be treated as an effective decay into the
uncoupled states [47] as any form of revival will not happen on the experiment timescale [44]. We implement this in our effective
model by adding an additional dark state that acts as a reservoir into which both bright and subradiant state can decay with rate
γD.
EXPERIMENT PARAMETER ESTIMATION
Here, we outline the procedure used to obtain the parameters used for the results of the effective four-level model presented
Fig.s 2 and 3. First, we fix Γ = Γe(Ωc/2∆)2 based on the known values for ∆ and Ωc = 2pi × 13MHz. We then fit the four-level
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model with < = 0 to the the full probe pulse as in previous works [12] to extract κ and verify that κ ∼ 1/∆2 for the different
datasets. To determine γD and <, the full four-level model shown in Fig. 4 (a) is fitted to the data. Since the fits put more weight
on the points within the pulses, the values found for γD tend to be overestimated. We attribute this overestimation to additional
decoherence channels which the model does not account for, such as laser linewidth. Therefore γD is adjusted separately to
reproduce the observed emission rate after the probe pulse is over. We find a common value for all datasets since dephasing is
dominanted by atomic motion, which is independent of Rp and ∆. Table I lists the full parameter sets for the theory data in Fig.s
2 and 3.
Table I. Parameters sets for theory data.
R (µs−1) ∆/2pi (µs−1) κ (µs−1) Γ (µs−1) γD (µs−1) < (µs−1) In figures
15.0 100 0.46 0.15 0.85 0.31 1,2,3,4
15.0 125 0.32 0.10 0.85 0.32 2
15.0 150 0.21 0.064 0.85 0.31 2
6.7 100 0.47 0.15 0.85 0.34 3
Interestingly, we find approximately the same value of < for the three different values of κ discussed in this work. We do not
find a scaling of <with κ as it is the case for the previously discussed one dimensional chiral waveguide model.
